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SUMMARY 
The use of metal  cathodes in a n  argon atmosphere was investigated and found to be 
highly effective in achieving a positionally stable arc column. Visual and spectral  eval- 
uations of refractory metal  cathodes, including graphite, thoriated tungsten, rhenium, 
tantalum, molybdenum, niobium, and platinum, were made to ascertain the most suitable 
cathode material  for this application. From these studies a combination tantalum- 
graphite cathode was developed. This special cathode produced arcs characterized by a 
diffuse cathode emission, which resulted in a stable a r c  column. A simple model of the 
arc column, based on the mechanisms of cathodic gas streaming and thermionic emission, 
was used to explain experimental observations relevent to stability of arcs in argon. 
analysis. It was found that, under the specified conditions, the excitation characterist ics 
of the stabilized arc were essentially the same as when conventional graphite cathodes 
were used. It was therefore possible to integrate the special cathode into analytical 
procedures by substituting for  graphite cathodes. Moreover, each special cathode was 
used for 100 to 200 analyses with no intervening treatment. 
ments using a procedure for  microanalysis in the argon arc. The average relative 
standard deviations of total integrated intensities were 1 1 . 5  percent for  the graphite 
cathode and 8.6 percent for  the tantalum-tipped graphite cathode. This improvement in 
repeatability was presumed to be due to the elimination of e r r o r s  caused by arc wander. 
The advantages of the stable arc for further improving sample vaporization and for  
arc diagnostics are suggested. The photometric t races  of sample vaporization that were 
obtained when using the stabilized a r c  are smoother because of the absence of arc 
wander. These t races  are therefore more useful for studying factors other than arc 
wander which may affect the repeatability of sample vaporization in dc arc analysis. 
Similarly, studies of excitation phenomena in various regions of the arc column may be 
more  reliably made with the stable arc. 
The emission spectrum of stabilized a r c s  was evaluated for  use in spectrochemical 
The effect of a r c  stabilization on analytical precision was determined for  seven ele- 
INTRODUCTION 
The dc arc is one of the most useful sources for exciting atomic spectra for  spectro- 
chemical analysis. It is also one of the most crude, unrefined, and therefore least pre- 
cise of the many sources available to the analyst. The reason for  this apparent incon- 
gruity is that analyses can be made at very low concentrations with the dc arc. This 
makes the source especially valuable for trace and microanalysis even though the analyt- 
ical  precision is poorer than with most other sources. However, the poor precision asso- 
ciated with dc arc analysis limits its usefulness for many analytical problems. 
a r c  column. The characteristic wandering of the arc column causes variations in such 
factors as, illumination of the spectrographic slit, vaporization of samples into the inter- 
electrode space, and excitation of atomic emission, as discussed in references 1 and 2. 
This problem of positional stability has, more than any other factor, prevented the re- 
finement of the dc arc for spectrochemical analysis. 
The work reported herein is a n  extension of work reported previously (ref. 3). In the 
previous work nanogram amounts of metals were determined using a r c  excitation in static 
argon atmospheres rather than in air. This system was advantageous for both trace and 
microanalysis compared with a r c s  in air. Unfortunately, the a r c  wander is even more 
pronounced in the argon atmosphere than in air. 
ported. One of the most effective methods of arc stabilization is the use of rapidly flow- 
ing gases around the arc column. Several forms of these gas stabilized arcs have been 
used sucessfully in chemical analysis (refs. 4 to 6). However, gas stabilization could not 
be applied to the existing analytical procedures which are based on arcing in static argon 
atmospheres. Other methods which are applicable to arcs in static atmospheres include 
the use of rotating magnets (ref. 7), rotation of sample electrodes (ref. 8), devices to 
minimize condensation of sample vapor on electrodes (ref. 9), heat exchangers to mini- 
mize temperature gradients in the sample electrode (ref. lo), the use of metal salts con- 
tained in cored cathodes (ref. ll), and optical compensation methods for eliminating 
spurious illumination of the spectrographic slit (ref. 12). Although these methods pro- 
vide varying degrees of improvement in a r c  stability, they do not eliminate a r c  wander. 
Furthermore, they are difficult to use in gas-tight excitation chambers. The new method 
reported herein, however, effectively eliminates arc wander in static argon atmospheres. 
graphite cathode in place of the conventional graphite cathode. Although metal cathode 
This limitation of the arc is, in part, caused by the lack of positional stability of the 
A diversity of experimental approaches for  minimizing a r c  wander have been re- 
The elimination of arc wander was achieved in this work by using a Ta-tipped 
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materials  cannot be used in air, because of their rapid destruction by oxidation, they can 
be used in pure argon atmospheres. The new cathode was developed from a study of arc 
stability using cathodes made of tungsten (W), thoriated tungsten (W-Tho2), rhenium (Re), 
tantalum (Ta), molybdenum (Mo), niobium (Nb), platinum (Pt), and graphite. The best  
cathode material  and cathode geometry were determined f rom the results of this study. 
A discussion of some causes of arc instabilities is also included in this report. In 
particular, the mechanisms of cathodic gas streaming and thermionic emission are used 
to correlate the experimental results.  
cathode to trace and microanalysis in argon. 
Finally, the experimental conditions are described for  adapting the Ta-tipped graphite 
APPARATUS AND MATERIALS 
The instruments used in this work consisted of (1) a controlled atmosphere arc 
chamber, (2) an emission spectrograph, and (3) a source unit for  generating the dc a r c  
current. The characterist ics of these units a r e  not cri t ical  for  the description of the 
procedure for producing stable arc discharges in argon. Only a brief description of these 
units will, therefore, be given herein. 
Atmosphere Arc Chamber 
The controlled atmosphere chamber shown in figure 1, was described previously in 
reference 3. Using this chamber, a dc  a r c  was operated at currents between 2 and 60 
amperes  with controlled gas composition and gas pressure.  All tests were made in static 
atmospheres of argon at a current of 30 amperes  and at a pressure of 46 kilonewtons per  
square meter (-350 torr), unless otherwise stated. The argon gas used was commercial 
welding grade, nominally 99.995 percent pure, according to manufacturer's specifications. 
After each arcing cycle, the chamber was evacuated to about 0.13 newtons per  square 
meter torr), and then refilled with argon for subsequent arcing. 
Emission Spect rograph 
The instrument used for spectral  evaluations was a 3. 4-meter7 focal length, Ebert  
type (ref. 13), stigmatic spectrograph. Photographic recordings were made on Kodak, 
type SA#3 emulsion on 101.6- by 254-millimeter glass plates. The spectral  region photo- 
graphed was 250.0 to 420.0 nanometers (2500 A to 4200 A). Studies of line and back- 
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Figure 1. - Controlled atmosphere arc  chamber 
ground intensity gradients in the interelectrode axis were made by imaging the a r c  axis on 
the spectrographic slit. 
Arc Source Unit 
The dc a r c  source was full-wave rectified using mercury rectifiers and inductive 
smoothing. Open circuit voltage was 250 volts and the current range available was 2 to 
60 amperes,  controlled by a moving core inductance. The a r c  voltage, at the current and 
argon pressure stated, was 18 to 20 volts. The percentage ripple at 30 amperes,  the 
current level most used, was about 3 percent rms .  
Materia Is  
Cathodes. - The materials that were evaluated for use as cathodes are listed in 
table I. The metals were of typical metallurgical grade and were obtained from commer- 
cial  sources.  The graphite cathodes were of spectrographic grade. 
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TABLE I. - SUMMARY O F  PROPERTIES O F  METALS AND EVALUATION O F  METAL CATHODES 
Cathode Related carbides Melting point, Jnitial cathode Emitting area, Maximum ca+hdel Work function, Visual evaluation of a r c  stability 
material and eutectics OK wire diameter, mm2 temperature, v >  
mm OK V 
W 3683 0.3 c3 3510 4.5 Forms diffuse cathode emission but also 
3140 3.6 tends to form small cathode emission 
2963 with cathodic gas streaming. Forms 
lower melUog carbides. Will not sprk 
ignite. In combination with graphite, 
cathode spot stays on graphite prefer- 
entlally. 
w 2 c  w-wzc 
Thoriated -------- -__- 2. 5 e3 2800 Variable Will spark Ignite. Consistently stable 
tungsten (tapered to 2. 6 to 3.4 but shows cathodic gas streaming with 
Re - -_ -_ _-- 3453 1.15 d*f40 3350 5 . 1  Forms relatively large liquid sphere 
a 10’ point) small cathode spot. 
@undies of due to high work function. With much 
0.38-mm- 
diam wire) 
larger cathode diameter, may form 
even larger emitting areas with re-  
duced cathode temperature. 
Ta 3269 0.15 dl. 8 3130 4.2 Cathode emission consistently diffuse 
TaC 4150 3.4 and stable. Functions a8 cathode 
TaaC 3613 preferentially to graphite. Slowly 
Tp-TazC 3115 forms higher melting carbides upon 
Droloneed a r c i o ~ .  
MO 
Nb 
Pt 
Graphite 
2883 1.0 d A l  2960 4.3 Inconsistently stable. Will not sprk 
MoC . 2965 ignite. h combination with graphite, 
2960 cathode spot stays on graphite pre- 
%02C ~ 2483 ferentially. Instabilities due to large 
fluid sphere. 
‘Metals, ref. 14; carbides, ref. 15; eutectics, ref. 16. 
bCurrent, 30 A; argon pressure, 46 kN/m2. 
11. 
dFrom measured sphere diameter. 
evisupl estimate. 
fTemperature gradients in sphere as described in text. 
d1f67 2835 4.0 
%>zoo 
e l  
e l  to 2 
Inconsistently stable. Will not spark 
ignite. In combination with graphite, 
cathode spot stays on graphite pre- 
ferentially. Instabilities due to large 
fluid sphere. 
Mechanical strength insufficient to 
support large cathode sphere. Much 
cathode vaporization and sputtering 
even at currents d a few amwres.  
Forms small cathode spot with high 
current density and much gas stream- 
ing. Cathode spot not positionally 
stable. 
Evaluation of spectral 
characteristics 
No atomic lines detected 
between 300.0 to 
400.0 nm (3000-4OOO A). 
3ne line at 400.9 nm 
Many faint lines of Tb 
=tween 250.0 nm to 
400.0 nm 
Re lines detected at 
346.5, 346.0, 345.2, 
and 342.5 nm 
h 331.1 nm faintly 
visible 
Anodes. - Anodes of graphite and tungsten, 6 millimeters in diameter, were used in  
Silver Chloride. - Spectrographic grade silver chloride, available from several  com - 
this work and were also of commercial grades. 
mercial  sources, was used. 
PROCEDURE 
Arcing Procedure 
The cathode materials listed in table I, were fitted into a 3.2-millimeter-diameter 
hole in the cathode holder. Electrical  contact to the holder was made by bending o r  fold- 
ing the wires, as necessary, to approximately match the hole diameter. The a r c  was 
started by contacting the electrodes and then separating them to a spacing of about 15 mil- 
l imeters.  
Arcs  were formed with the cathode materials at currents between 2 and 60 amperes,  
and at a n  argon pressure  of 46 kilonewtons per square meter. The arcing was continued 
until the cathode tip reached a n  equilibrium diameter (approximately hemispherical or 
spherical  for metal cathodes) and a n  equilibrium temperature. 
be discussed. 
The anode mater ia l  used in  these experiments was either graphite or tungsten as will 
Procedure for Evaluating Cathode Materials 
The materials listed in table I were evaluated by comparison of arc stability and 
emission spectra. These comparisons were made from visual observations, and photo- 
graphic and photoelectric recordings of the arc spectrum. 
vations and the photoelectric recordings, the arc stability was judged to be satisfactory 
or  unsatisfactory. Second, the spectrograms obtained using cathodes that gave satisfac- 
tory stability were evaluated with respect to some spectral  characterist ics.  These in- 
cluded the background intensity relative to conventional graphite cathodes and the number 
of atomic lines emitted f rom the cathodes. Third, the analytical detection limits were 
estimated using the procedure for  microanalysis in the argon chamber (ref. 3). 
tection limits were estimated from line-to-background intensity ratios obtained for  typical 
elements and compared with those obtained using graphite cathodes. This third cri terion 
was applied only to the final cathode design because it was the most satisfactory cathode 
in all other respects. 
Three basic cr i ter ia  were used in making this evaluation. First, from visual obser- 
These de- 
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Measurement of Area of Emission and Cathode Temperature 
The area of electron emission from the metal cathodes was estimated from the fused 
area formed on the cathode tip after completion of arcing. The emitting area of the 
graphite cathodes was estimated visually from the dimensions of the bright cathode spot. 
cathode tip as was allowed by the optical pyrometer. 
reading on the cathode in a n  area about 0.5 millimeter from the cathode tip. This was 
the maximum temperature that could be read on the metal cathodes. 
Unless otherwise noted, the cathode temperatures were measured as near to the 
This resulted in a temperature 
RESULTS OF CATHODE MATERIALS EVALUATION 
Visual Observations 
All the metals tested, with the exception of Pt, formed arcs with improved stability 
compared with arcs with graphite cathodes. With Pt wire cathodes the cathode emission 
was very errat ic ,  even at a few amperes.  The fusion of the Pt wire was accompanied by 
boiling and sputtering of the cathode tip. With the other metals the arc column was more 
symmetrical  around the electrode axis with less tendency to wander. The improved sta- 
bility was noted for the cathode emission and also for the a r c  column proper. 
In these experiments it was observed that the shape and stability of the a r c  columns 
was affected by the area of electron emission on the cathode. The area of emission was 
sometimes highly localized (cathode spot) and sometimes spread over a relatively large 
area of the cathode tip. Two features of the a rc ,  in particular, were affected by the 
cathode emission a rea :  the bright cone of light concentrated near the cathode and the 
axial symmetry of the a r c  column. When the bright cathode light was constricted, as 
w a s  the case with small  cathode spots, the arc column was not axially symmetrical but 
was distorted.' (This distortion of the a r c  column took the form of the familiar a r c -  
flame, for a r c s  having very small  cathode spots. ) A r c  columns showing an asymmetry, 
due to the distortion, were also less stable than symmetrical  a r c  columns. Conversely, 
with larger emitting areas the light in the cathode region was more diffuse. And arcs of 
this type were more symmetrical and more stable. 
Cathode Emitting Area and Temperature 
The importance of controlling the cathode spot was indicated by the observed depend- 
' rne 
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ence of a r c  shape and stability on the area of cathode emission. Experiments were, 
therefore, conducted to determine the effect of cathode material  on the emission area. 
It was presumed that this relation involved the thermionic properties of the cathode ma- 
terials. 
Using cathodes of varying diameters, no simple relation was found between emitting 
area and the thermionic properties of the cathode material. The emitting a r e a  for  a 
given cathode material  was partly determined by the cathode diameter. For large diam- 
eter cathodes the heat conduction through the cathode was an important factor in the heat 
balance at the cathode. However, for  smal l  diameter cathode wires about 1 millimeter 
diameter,  the equilibrium cathode dimensions were rather  reproducible for  each cathode 
metal. The a r c  was drawn to smal l  diameter wires by contact ignition to the anode. The 
cathode spot that formed on the cathode wire melted the wire tip forming a nearly spher- 
ical emitting surface. As reported above, cathodes of this shape also produced the most 
stable a rc s .  
spherical emitting surfaces.  
terist ic sphere diameter at a given current. The temperature of the cathode spheres  was 
about the melting point of the cathode material. The fused area of the thoriated tungsten 
cathode was more hemispherical tl-.: -pherical due to its relatively large diameter. The 
estimated emitting areas and the camode temperatures for  each cathode material  are re- 
ported in table I. 
dependent on the anode material  that was used. When graphite anodes were used in these 
experiments, the emitting area of the cathode gradually changed in composition. The 
pure metal cathodes were changed to metal carbides or eutectics on prolonged arcing. 
This change in cathode composition was sometimes accompanied by an  increase in the 
equilibrium diameter of the spherical cathodes. This occurred when the melting point of 
the new composition was much lower than that of the pure metal. In the contemplated 
analytical procedure, carbon in the form of graphite anodes will  invariably be present in  
the system. Some carbon containing compounds that can be formed with the metals 
tested, a r e  included in  table I. The use of these properties aided in the interpretation of 
experiments when graphite anodes were used. 
table I, tungsten metal anodes were used. With tungsten anodes the equilibrium cathode 
sphere diameters were more repeatable because no carbon compounds were formed. 
This procedure improved the correlation of emitting a reas  with the thermionic properties 
of the cathode materials. 
Further experiments were therefore, done on wires which formed such 
Each metal wire tested, with the exception of thoriated tungsten, formed a charac- 
The repeatability of cathode shape and emitting surface for  each material  was a l so  
In experiments where the cathode emitting a r e a  was measured and reported, as in 
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Evaluation of Arc Performance Using Graphite and Metal Cathodes 
A summary of results of the evaluation of arc performance using various cathode 
materials is given in table I. All the results reported in the table were obtained on smal l  
diameter cathode wires at 30 amperes  current  and an  argon pressure  of 46 kilonewtons 
per  square meter. Arcs  at this current and pressure  were known to be analytically use- 
ful  when using graphite cathodes. 
Graphite, tungsten, thoriated tungsten. - Cathodes of graphite, W, and thoriated 
tungsten formed smal l  cathode emitting areas. These cathodes did not give maximum 
arc stability because the arc columns were not always symmetrical, but showed the dis- 
tortion characteristic of smal l  emitting areas. Arcs  formed with conventional graphite 
electrodes were marked by the formation of an  a r c  flame, 5 to 6 centimeters in  length 
for a 30 ampere arc. This arc flame revolved around the electrode axis. Similar arc 
flames were formed with W and thoriated tungsten, but these had little tendency to re- 
volve around the electrode axis. 
table I, the thoriated tungsten cathode emitted many atomic lines of thorium. These 
lines, although weak in intensity, might cause spectral  interferences in analytical appli- 
cations , particularly when using photoelectric detection. 
Tantalum. - Tantalum cathodes produced equilibrium spheres having a larger  emit- 
ting area than graphite, W ,  or thoriated tungsten cathodes. For Ta wires,  0.76 milli- 
meter in diameter, the emitting area was 7.8 square millimeters for  a 30 ampere arc, 
and the a r c  column was symmetrical. In addition, the emission-at the cathode was more 
diffuse with Ta cathodes as compared with W and thoriated tungsten cathodes. The 
spheres were rigidly attached to the wire; that is, they did not move physically during 
arcing. Tantalum spheres a lso showed a relatively uniform temperature distribution 
over the area of the sphere. The temperature measured at the cathode tip was, there- 
fore, in agreement with the li terature value for  melting point of Ta. 
Tantalum cathodes gave the best  overall a r c  performance including reliability, sta- 
bility, and freedom from interfering atomic lines. The line intensity of one of the more 
sensitive lines of Ta at 331.1 nanometers, was very faint in the spectrum when Ta cath- 
odes were used. In addition, the carbides and eutectics formed with Ta had melting 
points near, or above, that of the metal. After the Ta sphere was formed, therefore, no 
change in its diameter was seen when arcing with graphite anodes. 
Because of its desirable properties and its good performance, Ta was selected as 
the cathode material  for  use in chemical analysis in argon atmospheres. The further 
development of the Ta cathode for this application is given in the section Final Cathode 
De sign. 
Another disadvantage was found when using thoriated tungsten cathodes. As noted in 
Niobium, molybdenum, rhenium. - The formation of emitting areas even larger  than 
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those obtained for Ta might appear to favor the use of niobium (Nb), molybdenum (Mo), 
and rhenium (Re) in producing stable arcs. However, with these larger  cathode spheres  
another form of arc instability was noted. These larger  cathode spheres were undesir- 
able because of their tendency to move physically during arcing. This movement, often 
in the form of low period axial rotations, caused s imilar  motion in the a r c  column. This 
form of a r c  instability was caused by the combined effects of large sphere volume and 
increased fluidity of the spheres.  Because they were highly fluid, these spheres were 
not rigidly attached to the cathode wire. 
The increased degree of fluidity of the large spheres  was a resul t  of large tempera- 
ture  gradients in the spheres. Temperatures measured at the tips of Nb, Mo, and Re 
spheres,  formed at 30 amperes,  are reported in table I. These temperatures are signi- 
ficantly higher than the melting points of the metals. Temperature measured at points 
removed from the tip were lower, and approached the melting point of the metal  at the 
interface of the fluid sphere and the solid cathode wire. Temperatures in the spheres,  
which were higher than the melting point of the cathode metal, promoted the increased 
fluidity . 
When graphite anodes were used with Nb and Mo cathodes, lower melting compounds 
were formed, as indicated previously. When this occurred, the equilibrium cathode di-  
ameters  were larger  and less reproducible than those reported for the pure metal. The 
undesirable movement of the large cathode spheres was then intensified. Because of 
these difficulties with large cathode spheres,  Nb, Mo, and Re were judged to be less 
satisfactory than Ta for  30 ampere a rc s .  
Platinum. - Platinum cathodes are a n  example of the limitations of forming even 
larger  cathode spheres.  The surface tension of the fused metal was not sufficient to 
support the large spheres  formed at 30 amperes.  The emitting a r e a  for Pt spheres is 
reported in table I as greater  than 200 square millimeters. This was the maximum di- 
ameter  obtained before the sphere was detached from the Pt wire. Because equilibrium 
diameters could not be achieved, temperature measurements were not made on the Pt 
spheres.  
DISCUSSION OF RESULTS 
The use of metal  cathodes improved the stability of the arc in argon by eliminating 
the cathode spot wander and by forming more symmetrical  arc columns. The resul ts  of 
the experiments using metal  cathodes can be explained by considering the mechanism of 
cathode emission and a l so  the forces which a c t  to shape the a r c  column. These phenom- 
ena are intimately related to the causes of a r c  instabilities. Furthermore, an under- 
standing of the interaction of these phenomena was useful in  designing a cathode which 
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minimized instabilities of arcs operated in argon. 
In the next section a cause of asymmetry in the a r c  column, cathodic gas streaming, 
will be described. 
cussed. In this discussion the relations between the arc column shape, the a rea  of cath- 
ode emission, and the thermionic work function of cathodes will be clarified. 
Later,  the thermionic mechanism of cathode emission will be dis- 
Physical Appearance of Arc  Column and Origin of Arc Flame 
The physical features of the typical arc column used in spectrochemical analysis, 
(1) Evaporation of the anode causes a gas flow in the direction of the cathode. 
(2) Cathodic gas streaming in the direction of the anode. This force explains the 
can be described using the three forces  in the a r c  column listed as follows: 
origin of the flame-like projection from a r c s  in static atmospheres. It is caused by com- 
pression of the gas ions by the magnetic fields associated with the high current density in 
the region near the cathode. Reference 18 contains a good discussion of this effect and 
a l so  some experimental demonstrations of the effect. 
(3) Convection and buoyancy ar is ing from the thermal gradient between the hot a r c  
column and the cooler surrounding atmosphere. 
The main features of the arc column in static atmospheres can be described in t e rms  
of the relative actions of these three forces. For  a 30 ampere a r c  in air, between graph- 
ite electrodes, the anode vaporization is usually the dominant effect on the physical 
appearance of the a r c  column. In pure argon, however, the evaporation of the graphite 
anodes is a smal l  fraction of that in air and effect (1) is, therefore, negligible. But the 
influence of effects (2) and (3) are readily observed in  argon arcs. The arc flame formed 
in argon when graphite cathodes were used has been described. Figure 2 illustrates the 
(a) Convection in  same 
direct ion as plasma 
streaming. streaming. 
(b) Convection in  opposlte 
direction to plasma 
Figure 2. - Physical features of %-ampere argon arc at atmospheric 
pressure (100 kNlm9. 
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shape of the a r c  column when these forces are, (a) in the same direction, and (b) in oppo- 
site directions. 
From this simple model of the arc column, it may be concluded that the blowing 
force due to cathodic gas streaming can be reduced by decreasing the current density at 
the cathode. The arc will then tend to be more symmetrical and, therefore, more stable. 
This effect was achieved by the relatively large spherical surfaces of the metal cathodes 
formed from wires. The increased cathode surface effectively reduced current density 
at the cathode tip by increasing the area of electron emission. Furthermore, for spheri- 
cal cathodes formed with Ta wires ,  the emitting a r e a  was  sufficiently large that the effects 
of cathodic gas streaming on the a r c  column were  virtually eliminated. 
The effect of cathodic gas streaming on arc-column shape was also observed at oper- 
ating conditions other than those reported for table I. For example, stable arcs of the 
diffuse cathode type were formed even with graphite cathodes by reducing the argon pres- 
sure .  At pressures below about 7 kilonewtons per square meter these a rc s  were highly 
stable. But they were of limited use in spectrochemical analysis because of poor detect- 
ability. Another method of forming stable diffuse a rc s  was to use large diameter cath- 
odes s o  that the heat conduction through the metal prevented fusion of the cathode tip. 
For  example, a 3.0-millimeter-diameter tungsten rod with hemispherical tip formed a 
diffuse a r c  with a larger emitting a rea  and lower temperature than that reported for tung- 
sten in table I. However, the diffuse emitting a reas  of a r c s  of this type had a tendency 
to change abruptly to a smaller cathode spot with a simultaneous increase in emitting 
temperature. This change in emitting a r e a  and temperature was accompanied by a 
change in the a r c  column from symmetrical to distorted. The cause of this errat ic  
movement of the cathode spot is discussed in the next section. 
Thermionic Emission and Cathode Spot Wander 
In addition to asymmetry of the a r c  column, a second source of a r c  instability with 
graphite cathodes was the wandering of the cathode spot over the face of the cathode. The 
causes of cathode spot movement observed with both graphite and metal cathodes can be 
understood by considering the mechanism of electron emission from the cathode surface. 
In a r c s  of the type considered it is generally accepted that the electron emission is con- 
trolled by thermal energy at the cathode. Equation (1) is the Richardson-Dushman rela- 
tion which describes the thermionic balance among the work function, the current densi- 
ty, and the cathode temperature. The equation is valid when electrons a r e  removed from 
the cathode at the same rate that they are emitted from the cathode surface. 
2 i/a = AoT (exp) - erp/kT 
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where 
i arc current, A 
a emitt ingarea,  cm 
- 2  0 - 2  A, 120A(cm )( K ) 
e elementary charge ( 1 . 6 0 2 ~ 1 0 - ~ ~  C) 
q work function, V 
T cathode temperature, OK 
k Boltzmann constant ( 1 . 3 8 ~ 1 0 - ~ ~  J/OK) 
2 
Other energy balance relations such as for radiation emission, thermal conduction, cath- 
ode evaporation, arc voltage, and space charge effects will be ignored in this discussion. 
The most stable cathode emission can be achieved by maintaining constant the values 
of q ,  T, and a of equation (1). Small variations of cp ,  in particular, can cause much 
larger  changes in emission area, due to the dominance of the exponential term in equa- 
tion (1). For example, a relative variation of only l percent in the cp/T term of equa- 
tion (1) requires a compensating adjustment of about 37 percent in emission area. This 
was calculated f o r  a 30 ampere arc operating at the temperature measured for graphite 
cathodes (about 3560' K). 
The cathode spot wander observed with graphite cathodes is believed to be caused by 
the variability of the work function cp of graphite. Work functions, in general, are crit- 
ically dependent on crystalline structure and smoothness of the cathode surface. Graphite 
cathodes continuously undergo changes in the degree of graphitization in  the a rc .  In addi- 
tion to these changes in crystalline structure, graphite has naturally a rougher surface 
than the fused metal  spheres.  Both of these effects make graphite an  unsuitable cathode 
material  for  forming stable a r c s  in argon. 
In contrast to graphite, the spherical emitting surfaces formed by fusing metal  wires, 
were highly uniform and mi r ro r  smooth. 
defined by the surface of the sphere. 
metal cathodes did not move over the cathode surface. 
a te  the cathode near its melting point. This was indicated by observations made on the 
spherical emitting surfaces formed by melting wires, and a l so  from observations on 
larger  diameter cathodes. Arcs  formed in either case were more stable when the cathode 
surface was melted. The diffuse arcs formed with large diameter cathodes had emitting 
temperatures much lower than the cathode melting point. However, the diffuse emission 
of these a r c s  often changed abruptly to a smaller cathode spot, as was reported in  the 
previous section. And simultaneously with this decrease in emitting area, the cathode 
The area of electron emission was also well 
Consequently, the emission from these spherical  
In addition to maintaining constant thermionic parameters,  it was important to oper- 
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temperature increased to about its melting point. After the smaller  cathode spot was 
formed, the arc was rare ly  observed to rever t  back to the diffuse form. 
This special  stability with melted cathodes can be explained by the lowering of the 
work function at increasing temperatures. This effect of temperature on work function 
has been reported for  Ta (ref. 19), and correlates with the increase in lattice parameter 
for  most metals at higher temperatures. It can further be speculated that in  the liquidus 
state some metals have a still lower work function than in the solid state, although this 
has not been established for  Ta. The high stability of melted cathodes, however, is be- 
lieved to resul t  from the lower thermionic energy of the emitting surface having the lower 
work function. 
Using the thermionic emission model with the simplifying assumptions, it was found 
that useful calculations could be made. These calculations were sufficiently precise to 
help confirm the experimental observations. For  example, equation (1) was solved for  
sphere diameter for  a current of 30 amperes  and a temperature of 3269' K, the melting 
point of Ta. The calculated emitting area of Ta was 7 .0  square millimeters, which com- 
pares  well with the experimentally determined area of 7 . 8  square millimeters. Compar- 
able agreement was obtained for Ta at currents between 10 and 60 amperes.  A calcula- 
tion of the emitting area required to support a 30 ampere a r c  using Pt cathodes gave an  
area of about 2x10 square centimeters - approximately a millionfold greater than calcu- 
lated for Ta. From these and s imilar  calculations for  other metals was concluded that 
under the conditions reported in  table I, the sphere diameters are primarily determined 
by the value of cp/T for  each material. 
These calculations a l so  suggest that values of q / T  could be used to estimate the 
applicability of other materials for  forming stable arcs under varying conditions. No 
further work was done using this method of evaluation because Ta  appeared to have all 
the necessary requisites for producing analytically useful a r c s  in argon. 
4 
FINAL CATHODE DESIGN 
A combination Ta-graphite cathode was designed which was substituted for conven- 
tional graphite cathodes in the argon a rc .  No differences in either a r c  stability o r  in 
emission spectrum was found in comparisons of a r c s  formed with this combination cath- 
ode with those formed using pure Ta cathodes. 
metallurgical grade Ta was inserted into a hole drilled in a 3.2-millimeter-diameter 
graphite electrode having a conical tip, as shown. A 30-ampere a r c  was formed between 
the wire tip and the anode by contacting the cathode wire to either graphite or tungsten 
anodes. When graphite anodes were used, the contact time was kept as short  as possible 
The preparation of the Ta-graphite cathode is shown in figure 3. A small  wire of 
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Figure 3. - Preparation of Ta-tipped cathodes. 
Figure 4. - Photograph of dc arc us ing  Ta-tipped graphite 
cathode. Argon pressure, 46 kN/m2; current,  30 amperes; 
sample, 4 mg AgCl in  graphite anode cavity. Note symmetry 
of cathode emission and of a rc  column. 
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to avoid excessive pickup of graphite by the cathode wire. On continued arcing, the wire  
tip melted and grew to the equilibrium diameter, forming a diffuse cathode emission. At 
equilibrium the sphere was separated by about 0.5 millimeter from the supporting graph- 
ite rod. This smal l  separation was desirable to re tard diffusion of carbon and the re- 
sulting carburization of the Ta sphere.  The cathodes were prepared at a rate of about 
five cathodes per fifteen minutes. 
reignited using a spark discharge, the cathode was initially formed near the tip of the 
graphite rod. The temperature of the Ta sphere increased until thermionic emission 
from the wire surface was sufficient to produce the necessary electron emission. At that 
time the Ta  sphere functioned as the cathode. 
the Ta tip after the arc was ignited was about two seconds. 
showing the symmetry of electron emission f rom the Ta sphere and of the arc column. 
ite cathode, is shown in figure 5. These traces were made using a photoelectric multi- 
plier tube in a direct  reading spectrometer and a strip-chart  recorder  readout. The op- 
tical axis of the spectrometer was alined for  the same field-of-view in the a r c  column as 
was used in spectrochemical analysis. The region of the arc column in which the meas- 
urements were made is indicated by the heavy dashed line between the illustration of the 
electrodes below the coordinates in  figure 6. (The additional data plotted in fig. 6 will 
be discussed later.  ) The time constant of the measuring system was about 50 millisec- 
onds and the full-scale recorder response was 2 seconds. The t races  illustrate the im- 
provement in light stability when using the Ta-tipped graphite cathode. This improve- 
ment is due to elimination of the physical movement of the a r c  column. Also shown in 
figure 5(b) and (c) is the effect of anode diameter in achieving maximum column stability. 
This anode effect can be seen in a r c s  in pure argon but not in atmospheres such as air, 
where the anode is oxidized. Vaporization of samples from the anode in the argon arc 
also masks these effects. They were, therefore, only of incidental interest  in this work. 
In the design of the Ta-tipped graphite cathode, graphite was used in combination 
with Ta to facilitate starting the arc. The conventional method of start ing the arc, using 
a high voltage spark, was unworkable with pure metal  cathodes. However, this method 
of starting the a r c  was a convenient experimental procedure and it was desirable to re- 
tain the method using metal cathodes. Unfortunately, using pure metal cathodes and 
graphite anodes, the spark ignitor caused the a r c  to form between the graphite anodes and 
a par t  of the arc chamber constructed of stainless steel that was a l so  at the cathode po- 
tential. This faulty ignition occurred regularly even though the anode-to-cathode distance 
was often less than 1 millimeter, whereas the distance to the point of ignition was 50 to 
60 millimeters. Attempts to vary the spark current and the capacitance, inductance, and 
resistance of the spark circuit  a lso did not improve the ignition. However, the design of 
Each of the cathodes prepared in this way was used many times. When the a r c  was 
The time required to form a stable a r c  on 
Figure 4 is a photograph 
A comparison of arc stability using the Ta-graphite cathode and a conventional graph- 
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(a) 3.2-Millimeter-diameter graphite cathode. 
(b) Ta-tipped graphite cathode wi th  3.9-millimeter-diameter graphite anode. 
- 
(c) Ta-tipped graphite cathode wi th  4.2-millimeter-diameter graphite anode. 
(d) Electronic noise baseline. 
90 
Time, sec 
0 
Figure 5. - Comparison of photometric stabi l i ty of graphite and Ta-tipped graphite 
cathodes. Atmosphere, argon; current ,  30 amperes; pressure, 46 kilonewtons 
per square meter. 
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Interelectrode distance, mm 
--------- 
Anode L-Field of v i e w 4  Cathode 
Figure 6. - Line-to-background intensi ty profile between anode and cathode for Fe at 372.0 nano- 
meters. Arc  current,  XI amperes (dc); cathode Ta-tipped; sample, 4 mil l igrams AgCl in anode 
crater. 
the new cathode effectively combines the properties of graphite and Ta to overcome these 
problems in start ing the a rc .  
In contrast to pure metal  cathodes, thoriated tungsten and compounds such as TaC 
gave consistently reliable spark ignition. This was presumably because of the lower 
work function of these materials.  Tantalum carbides were formed by repeated contact 
ignition to graphite anodes. After prolonged use, these formerly pure Ta cathodes 
formed compositions ranging from Ta to TaC on the metal  surface. The arc could then 
be spark ignited using these cathodes. Confirmation of these resul ts  was obtained by 
carburizing the surface of pure Ta cathodes in an  induction furnace. The a r c  could also 
be spark ignited using these cathodes. This procedure, however, was not acceptable as 
a solution to the problem of arc ignition because both the thoriated tungsten and the Ta 
carbides formed a r c s  with smal l  cathode spots and showed evidence of cathodic gas 
streaming. 
ADAPTION OF TANTALUM-TIPPED GRAPHITE CATHODE 
FOR TRACE AND MICROANALYSIS IN ARGON ARC 
The Ta-tipped graphite cathode was substituted for the graphite cathode that was 
formerly used in the argon a r c .  Arcs  were formed between the cathodes and cupped 
graphite anodes. The graphite anodes contained the sample, generally a residue from 
evaporation of a few drops of metal salt solution, and 4 milligrams of si lver chloride 
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(AgCl). The vaporization of AgCl with the sample residue enhanced line intensities, as 
described in  reference 3. Each Ta-tipped graphite cathode was used for  100 to 200 
arcings with no intervening treatment. The cathodes were replaced as a matter of pro- 
cedure when the Ta sphere began to lose its spherical shape due to the formation of Ta 
carbides. Furthermore, the spectral  intensities of the most sensitive Ta lines were 
negligible. For  example, in an application of the Ta cathode to the determination of Ta 
in tungsten metal, as little as five ppm Ta, added as Ta205, could be determined. This 
exemplified the small  amount of cathode vaporized in  this procedure. 
amounts of elements using the new cathode. Specifically, the effects of argon pressure,  
interelectrode spacing, and the region of the arc column sampled, were adjusted to 
achieve maximum line-to-background L/B intensities for  representative elements. 
These L/B intensities were used as the criterion for  estimation of the best  conditions 
because they are indicative of the detectibility of the elements - a factor of great  impor- 
tance in trace and microanalysis. The region of the a r c  column yielding the highest L/B 
intensities was studied by imaging the electrodes on the entrance slit of the spectrograph. 
From the photographs of the spectrum, L/B intensities were determined at approxi- 
mately 1 millimeter increments in the interelectrode space. These studies were made 
for  two interelectrode spacings, 5 and 17 millimeters, and for  two gas pressures ,  46 and 
100 kilonewtons per  square meter. 
figures 6 and 7, for a sensitive atomic line of a typical element, iron (Fe)(372.0 nm). 
Figure 6 shows the L/B intensity of Fe plotted as a function of position in the inter-  
electrode space for anode-to-cathode spacings of 5 millimeters (dashed lines) a typical 
spacing used in  the a r c  chamber, and 17 millimeters (solid lines), the largest  practicable 
spacing used in the a r c  chamber. An illustration of the electrode spacings corresponding 
to the abscissa scale, is also shown on figure 6. The heavy dashed lines between the 
electrodes in this illustration represent the optical field-of-view in the arc column. 
For  each of the two interelectrode spacings the data are shown at two pressures,  
Optimum experimental conditions were estimated for  detecting the lowest possible 
The results of these experiments a r e  summarized in 
Argon pressure, kNlmZ 
Figure 7. - Effect of argon pressure on line-to-background ratio. Arc current, 
30 amperes (dc); sample in anode crater, 4 milligram AgCI; cathode, Ta-tipped 
interelectrode spacing, 17 millimeter; light sampled in region of arc column 
shown by heavy dotted l ine in illustration below figure 6. 
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46 kilonewtons per  square meter,  the approximate pressure  used with graphite cathodes, 
and 100 kilonewtons pe r  square meter, about atmospheric pressure.  From these data it 
was concluded that detection of the light from a region near the anode was desirable for 
achieving high L/B intensities. These data also indicated that higher L/B intensities 
were achieved with the larger electrode spacing at the lower pressure.  A more detailed 
study of gas pressure  for  the larger  electrode spacing is shown in figure 7. The higher 
L/B intensities were obtained with the wider spacing at reduced argon pressure,  as 
shown. 
The near-optimum conditions adopted at Lewis were (1) a n  interelectrode spacing of 
15 millimeters, (2) a n  argon pressure of 46 kilonewtons p e r  square meter, and (3) a 
field-of-view in the arc column, as shown by the dotted line between the electrodes in  the 
illustration below figure 6. The spectrograms of samples arced under these conditions 
were almost identical with s imilar  spectrograms obtained using graphite cathodes. 
cision was determined. This was done by comparing the precision obtained with the Ta- 
tipped graphite cathode with that obtained with conventional graphite cathodes. In these 
tests, measured amounts of metal salts were added to a bulk quantity of AgCl which was 
then mechanically blended. Samples, consisting of 4 milligrams of the batch-doped AgC1, 
were arced to completion at 30 amperes  in argon. The absolute amount of each t race 
metal  in the samples was approximately 1 microgram. The absolute amounts of seven 
elements were measured in  replicate fo r  samples run in  sequence on the same day. The 
Using the conditions reported above, the effect of arc stabilization on analytical pre-  
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10 
5.8 
3.4 
6.0 
16 
6.0 
TABLE II. - COMPARISON OF REPEAT- 
- .. 
17 
12 
11 
4.6 
13 
13 
10 
ABILITY OF LINE -TO-BACKGROUND 
INTENSITY RATIOS FOR TANTALUM 
AND GRAPHITE CATHODES 
[30 Ampere dc arc in argon, at 46 kN/m2, 1 pg 
of each element per 4 mg of AgCl] 
Element 
Ni 
Average 
~ ~- 
Relative standard deviation, percent 
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repeatabiiity, thus o b k k e d ,  for the graphite cathode and for the Ta-tipped graphite cath- 
ode is tabulated in table II. The data show a significant improvement in repeatability for 
some elements when using the 'fa-tipped graphite cathode. This improved repeatability 
was presumed to result from the elimination of a r c  wander. 
The conclusion that improved precision can be achieved by reducing a r c  wander 
appears to be justified by the data in table II and similar data of others (refs. 7 and 10). 
However, further generalizations concerning the degree of improvement that may be 
realized for  specific elements o r  for  conditions other than those specified, can not be 
inferred from these data. In some cases,  where other e r r o r s  predominate, the improve- 
ment in analytical precision may not be apparent at all with the elimination of arc wander. 
Magnesium, for example, showed no improvement in precision with the stable a rc .  It 
was la ter  found that MgC12, one of the more refractory chlorides, was not completely 
volatized under the conditions used. Incomplete volatilization was the major source of 
e r r o r  for magnesium and improvement in precision, therefore, did not result  from the 
elimination of a r c  wander. 
Although a r c  wander is not always the predominant e r r o r  in dc a r c  analysis, the 
elimination of a r c  wander is ultimately essential for achieving the highest degree of pre-  
cision in chemical analysis. 
a lso advantageous in the .development of new analytical procedures. Recordings of sample 
vaporization are smoother with the stable a r c ;  the best  experimental conditions can, 
therefore, be more accurately determined. This point is illustrated in figure 8, which 
shows comparative traces of the vaporization of 4 milligrams of AgCl from the anode 
cavity into the a r c  column. In these t races ,  the spectral  intensity of Ag (350.2 nm) was 
recorded throughout the vaporization at 30 amperes fo r  (1) a 3.2-millimeter-diameter 
graphite cathode, and (2) the Ta-tipped graphite cathode. It can be seen that cri t ical  
studies of the vaporization event using graphite cathodes as in (1) are limited by the over- 
riding effect of arc wander. With the higher stability provided by the Ta-tipped graphite 
cathode as in (2), such t races  a r e  more meaningful. 
In addition to the improvement in analytical precision, the use of the stable a r c  was 
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(b)  Ta cathode. 
Figure 8. - Vaporization profiles of silver. Argon arc, 30 amperes. 
CONCLUDING REMARKS 
The method of arc stabilization, described herein, has provided a solution to the 
problem of a r c  wander ior dc  arcs operated in static argon atmospheres. The new Ta- 
tipped graphite cathode can be substituted for the conventional graphite cathode and used 
for t race and microanalyses in the argon a r c  chamber. Each new cathode can be used 
many times and no limitations were encountered in its use. The precision of analysis 
was improved for some elements using the new cathode in the determination of microgram 
amounts of metals. 
The selection of Ta as the cathode material, and the special geometry of the metal 
tip, can be explained in t e rms  of the mechanisms of thermionic emission and cathodic 
22 
gas streaming. Of the materials evaluated for  use as cathodes, Ta had the best  combin- 
ation of work function and melting point f o r  producing stable arcs at 30 amperes. All the 
other materials formed a r c s  having electron emitting a r e a s  either too large or too smal l  
for maximum a r c  stability. 
The author suggests that the method of arc stabilization, described herein, would be 
useful in stdies of spectral  excitation mechanisms in  the argon a rc .  Such studies are of 
fundamental importance in  understanding the spectrochemical relations in chemical anal- 
ysis. The stabilization of the arc column overcomes a limitation imposed by a r c  wander 
when these measurements are made in specific locations in  the a r c  column. 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, July 31, 1967, 
129-63-14-04-22. 
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